The present paper is concerned with the analysis of the effect of the loading rate in a particular class of single lap joints used in the oil industry. The adhesive/adherend system consists of ASTM A36 steel plates bonded with an epoxy/ceramic composite. The loading rate sensitivity is analysed considering two different situations: (i) strain controlled quasi-static rupture tests and (ii) applications in which the joint may oscillate like a spring. This second situation is motivated by a specific application: the transport of an ethanol reservoir by a crane using a special truss lifting system attached to the tank through bonded joints. Quasi-static tensile tests allow observing a rate-dependent behaviour of the joint with higher strengths for higher cross-head velocities. An algebraic equation is proposed to predict the dependence of the rupture force on the elongation rate in tensile tests and the model predictions are in good agreement with experimental results. However, in the case of the transport of a tank with mass M (situation (ii)), the lifting system cannot be only designed to resist the static load (the weight). Fast loading may induce vibration. Like in a spring-mass system, even a very small oscillation of the joint induces a dynamic load that is higher than the static load. A simple analysis allows proposing conditions for a safe operation in this case.
INTRODUCTION
Some specific materials and composite structures present a quasi-brittle behaviour. In a monotonic tensile test, the elastic properties are statistically rate-insensitive, the inelastic deformation is almost negligible, but the rupture force is rate-dependent (Costa Mattos et al. (1992) Sampaio (1995) , Bazant and Planas (1997) , Gary and Bailly (1998) , da Costa Mattos et al. (2009) , Nunes et al. (2011) , Reis et al. (2013) , Reis et al. (2014) , Gesualdo and Monaco (2015) , Xenos et al. (2015) , for instance). In the case of bonded joints, commercial adhesives may range from brittle to ductile (Fernandes et al., 2015) and the basic requirement is that each one must possess adequate mechanical properties for a specific application.
The present work is concerned with the analysis of load rate effects in quasi-brittle adhesive single lap joints bonded with epoxy/ceramic composites. The use of bonded joints with quasi-brittle behaviour is not new, but still a very active area of research (Pelissou and Lebon (2009) , Giuliese et al. (2013 Giuliese et al. ( , 2015 , Leuschner et al. (2015) , Gang Li and Chun li (2015) ). However, there are few experimental investigations on the structural rate-dependent behaviour of this kind of joint (Essersi et al., 2009) , since most of the studies concerned with the rate-dependency analysis considers joints with inelastic behaviour. In these cases, the rate-dependent behaviour is viscoelastic or elastoviscoplastic, and the papers are generally focused on new adhesives for the automobile and aeronautics industries (such as rubber nanocomposites), on impact loading, and on the joint cyclic inelastic behaviour and long-term behaviour (ratcheting, shakedown and fatigue, creep and ageing: da Costa Mattos and Martins (2013) , Yang et al. (2015) , Chowdhuri and Xia (2013) , Reis et al. (2015) , for instance).
This paper is the continuation of a series of studies on the failure analysis of quasi-brittle adhesive joints using a global approach (Costa-Mattos et al., 2010 , 2012a , 2012b . The analysis is valid for general adhesives with quasi-brittle behaviour and highly resistant adherends but the adhesive/adherend system consists of ASTM A36 steel plates bonded with an epoxy/ceramic composite often used in oil industry for the repair and protection of metal surfaces that is also being used as adhesive in some applications in strongly corrosive environments. Although the analysis can be performed using more complex approaches (a more detailed numerical analysis, either based on multiscale models, continuum damage models, cohesive zone models or on the extended finite element method (Kulkarni et al., 2010, and Fernandes et al., 2015 , for instance), the idea is to present simple procedures for designers to decide if a given loading rate is more convenient or not for a given engineering application. These simplified procedures would allow a preliminary integrity analysis before a more expensive and time-consuming numerical simulation.
Quasi-static tensile tests were performed using different cross-head velocities. Statistical analysis shows that the velocity has indeed an effect on joint resistance. A simple equation is proposed to predict the dependence of the rupture force on the elongation rate (assumed to coincide with the cross-head velocity) of the joint in tensile tests and the model predictions are in good agreement with experimental results.
It is important to observe that tensile tests are normally performed in laboratory under quasistatic conditions, but dynamic effects may strongly affect the force applied on the joint. A typical application of bonded joints is in the replacement of welded joints by glued joints in situations where the production of heat and/or sparkling is forbidden. One important application where such dynamic conditions must be accounted is the the transport of cylindrical reservoirs for ethanol storage. In this case, a crane using a special truss lifting system is attached to the tank through bonded joints. This problem has been addressed in da Costa Mattos et al. (2012a) within a quasi-static framework and the goal was to correlate the static strength of two single lap joints with different Latin American Journal of Solids and Structures 13 (2016) 1878-1892 geometries using a shape factor. Using this shape factor, a preliminary estimate of the necessary bonded area for an arbitrary problem can be made from simple rupture test in standard joints.
The present study is concerned with including the effect of the loading rate in the simplified methodology proposed in da Costa Mattos et al. (2012a) . Two kinds of effects are accounted: the structural rate-dependency and the oscillatory movements. Knowing adhesive properties is fundamental for and adequate design of the bonded joints. However, the lifting system cannot be designed only to resist the static load (the weight of the tank). In the present paper, this is shown through a very simple vibration analysis where the lift system is modelled as a quasi-brittle spring and the tank as a concentrated mass. The analysis shows that even a very small oscillation of the system induces a dynamic force that is much higher than the static load (like in a spring-mass system). These oscillations depend on different factors, but, in many cases, cannot be avoided. It is shown that even a constant lifting velocity may induce a vibration that can lead the system to failure.
A second order ordinary differential equation relates the crane movement with the system vibration (joints and truss lifting system). This equation, combined with the expression proposed to model the dependence of the joint rupture force on the elongation rate, allows the definition of conditions for a safe operation in the dynamic case (connecting crane operating speed, mass of the tank and rate-dependent strength of the bonded joint). An illustrative example of how this methodology may be used by designers for a preliminary estimate of the necessary glued area for a given adherend/adhesive system is also presented and analysed.
MATERIALS AND METHODS
In the present study, the adhesive/adherend system consists of SAE 1020 steel plates (with Young's modulus 170 GPa, yield stress 210 MPa, ultimate strength 380 MPa and Poisson´s ratio 0.3) bonded with a commercial epoxy/ceramic composite: a mixture of ceramic particles and a two component, crystallization resistant, modified epoxy resin structure reacted with an aliphatic curing agent). Further technical data about this composite is presented in The tensile tests were performed in a universal testing machine Shimadzu Autograph AG-X (100KN), with the test specimen geometry shown in Fig. 1 . The adhesive layer thickness was 0.4 mm with spew fillets in overlap ends. Prior to bonding, the surfaces were submitted not only to mechanical but also to chemical treatment. The mechanical treatment consisted of surface grit blasting, producing an average roughness parameter Rt between 81 and 104 μm. This roughness level is a recommendation made by the manufacturer to the use of the epoxy/ceramic composite as adhesive. Chemical treatment consisted on surface spraying silanisation. Bonding was performed under controlled conditions (25°C and 50% R.U.) and followed by a curing process for 24h at 40°C. To check the influence of the cross-head velocity on the rupture force, initially tests were performed at three elongation rates: 0.12 mm/min, 1.2 mm/min and 12.0 mm/min (10 specimens for each loading rate). After these tests, a new batch of adhesives (ageing is also important in this case) was used to perform new tests at five different rates 0.12 mm/min, 0.6 mm/min, 1.2 mm/min, 6.0 mm/min, 9 mm/min and 12.0 mm/min.
RESULTS AND DISCUSSION

Quasi Static Tensile Tests
Experimental data regarding rupture force are presented in table 2. Relative standard devices (RSD) for all the groups analyzed fell between 7 and 24%. Both skewness and kurtosis values presented themselves between -2 and 2, as an indicative of data normal distribution. Secondly, joints tests with different velocities were compared using Student-Newman-Keuls Method at 0.05 of significance. Analysis based on ANOVA approach (Experimental Design) shows that the loading rate has indeed an effect on joint resistance (the null hypothesis is rejected and there is a statistically significant relationship between the rupture force and cross-head velocity). Besides, the loading rate has a negligible effect on the joint stiffness (quasi-brittle behaviour, see Fig. 2 ). After these tests, a new batch of joints was used to perform new tests at five different rates. Ageing is important in this case since the properties of the non-cured epoxy/ceramic composite change in contact with air. The new joints properties correspond to the same (non-cured) adhesive aged after a few weeks. The following expression is proposed to model the influence of the elongation rate d  on the 
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rupture force r F [(1 exp( )] r o F F a bd = + - -(1)
Vibration Induced by the Loading Process
In some particular situations, the mechanical system may behave like a spring-mass system. In this case, even a very small oscillation of the joint induces a dynamic load, which can be higher than the static load. The motivation for this analysis is a practical problem that has already been analyzed in da Costa Mattos et al. (2012a) : the transport of an ethanol reservoir by a crane using a special truss lifting system attached to the tank through bonded joints as shown in Fig. 5 . Fast loading may induce vibration and the lifting system cannot be only designed to resist the static load. In order to perform a simplified analysis, the joints and truss lifting system is treated as a quasi-brittle spring (constant stiffness but the rupture depends on rate of elongation. Damping is negligible). Therefore, the problem is reduced to an undamped vibration analysis (Figs. 6 and 7) . L is the length of the undeformed spring. M is the mass of the tank and K the stiffness of the spring. g is the acceleration of gravity. Only a vertical displacement 
y = 
). The goal is to show that vibration is induced even in this case, that the force acting on the spring is different from the obtained in the equilibrium problem, and that this force depends directly on the velocity a . 
The solution of this initial value problem formed by eq. (3) and the following arbitrary condi-
with
w is the characteristic (or natural) angular frequency of the system. The force ( ) F t acting on the spring (joints and truss lifting system) is
From eq. (6), it is clear that the maximum dynamic force can be higher than the static force
Particular Choices of Initial Conditions
The behaviour of the spring-mass system is strongly dependent of the initial conditions. In this section, a few examples are presented to show that small perturbations can strongly affect the force acting on the system. Three different initial conditions are analysed.
Using eq. (5), it is possible to conclude that the only set of boundary conditions that implies in a rigid body motion of the spring mass system ( In this particular case, the tank is initially in equilibrium (the static elongation is ( Fig. 8 ) and is lifted from the reference point with the position ( ) x t given by the follow-
Any other set of initial conditions implies an oscillatory movement of the system. An alternative set of initial conditions is to assume that the spring is initially undeformed and the rate x  is zero (this is probably the most common initial condition).
is the elongation of the "spring" and, thus, from eq. (4), it comes that
Therefore, the maximum elongation max
and the maximum force max F is twice the static (equilibrium) force st Mg
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As it can be verified, due to the oscillatory movement, the maximum dynamic load is twice the static load, independently of the stiffness of the system and of the lifting velocity a .
In a second example, the system is in equilibrium and a perturbation is induced by the lifting
From eq. (4), it is possible to verify that the solution of this initial value problem is
Fig . 9 presents the evolution of the variable x in this case. The spring elongation d is
and the force ( ) F t acting on the spring (joints and truss lifting system) is In this case, the maximum intensity will depend on the stiffness of the system and on the lift velocity a . It is interesting to observe that higher forces are obtained (for a fixed mass M ) for higher values of the stiffness. Although it is not the goal to perform a precise vibration analysis of the system, the stiffness can be measured directly from the crane, using a body with mass M ( maximum dynamic force is higher than the static one and the difference is more important for higher lifting velocities a .
Transport of Cylindrical Reservoirs for Ethanol Storage -An Illustrative Example Accounting Oscillatory Movements
In this section, it is shown how this methodology can be used by designers as a preliminary estimate of the adequate adhesive area in the transport of ethanol storage tanks. In [26] a simple methodology was proposed to define the necessary bonded area for an arbitrary static load for a joint with quasi-brittle behaviour under quasi-static conditions. The rupture force max Fig. 1 ) by correcting it through a shape factor h that accounts for geometric effects.
W is the overlap width and L the overlap length. An ASTM single lap joint (W =25 mm and L = 12.5 mm, Fig. 1 ) with the same surface preparation that would be adopted in the field can be used as the Reference Joint. For a conservative analysis, it is suggested to consider max Fig. 4 ), it is also suggested use a safety factor V higher that 1.5.
The dynamic nature of the problem is accounted in the methodology simply by correcting the static loading. In the case of a oscillatory movement, if the first set of boundary conditions analysed in the previous section is considered (load initially at rest and spring not in tension), the maximum load acting on the system is equal to 2Mg , independently of the stiffness of the lifting system.
In order to have a reasonable balance during transportation, the lifting system is fixed in the tank trough n joints distributed around the external surface of the tank. The maximum tensile load acting on each joint is obtained dividing the total maximum load by the number of joints. 
CONCLUSIONS
In this work, the influence of the load rate in adhesive single-lap joints bonded with epoxy/ceramic composites was investigated. In quasi-static tensile tests, these joints present a quasi-brittle behaviour with constant stiffness, negligible inelastic deformation, but the rupture force is affected by the cross-head velocity. A simple equation is proposed to predict the rupture force in the case of an ASTM specimen within a range of velocities (up to 12 mm/min F F » -above a certain velocity level, this effect is negligible and the joint became rate-insensitive), attention must be taken in some real problems due to the dynamic nature of the problem.
The current investigation showed that in specific applications, such as the transport of an ethanol reservoir by a crane using a special truss lifting system attached to the tank through bonded joints, the problem behaves like a spring-mass system and oscillations induce higher forces on the joints what can lead to unexpected failures or affect the crane stability. It was not the goal to perform a precise vibration analysis of the system, but to show that even in a situation with very small oscillation amplitude, the maximum tensile force applied on the joint is higher than the static load.
The purpose of this work was also to provide a method to easily perform the failure analysis of a class of single-bonded lap-joints with arbitrary glued area. A simple procedure to design the adequate bonded area is proposed, extending the study proposed in da Costa Mattos et al. (2012a) in the case of static loading. In such a procedure, it only necessary to perform tests using standard ASTM joints (a minimum of 3 tests with different loading rates). Due to the huge variation of the strength when the joint is prepared in the field, a shape factor may be used to obtain a preliminary estimate of the adhesive area (always brittle-elastic adhesives) before a more adequate (but complex) finite element computation.
